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Coulomb repulsion between the bonding electron pair in the H-O covalent bond (denoted by“-
”) and the nonbonding electron pair of O (“:”) and the specific-heat disparity between the O:H
and the H-O segments of the entire hydrogen bond (O:H-O) are shown to determine the O:H-O
bond angle-length-stiffness relaxation dynamics and the density anomalies of water and ice. The
bonding part with relatively lower specific-heat is more easily activated by cooling, which serves
as the “master” and contracts, while forcing the “slave” with higher specific-heat to elongate (via
Coulomb repulsion) by different amounts. In the liquid and solid phases, the O:H van der Waals
bond serves as the master and becomes significantly shorter and stiffer while the H-O bond becomes
slightly longer and softer (phonon frequency is a measure of bond stiffness), resulting in an O:H-O
cooling contraction and the seemingly “regular” process of cooling densification. In the water-ice
transition phase, the master and the slave swap roles, thus resulting in an O:H-O elongation and
volume expansion during freezing. In ice, the O–O distance is longer than it is in water, resulting
in a lower density, so that ice floats.
PACS numbers: 61.20.Ja, 61.30.Hn, 68.08.Bc
Supplementary Information and a molecular dynamics movie are accompanied.
The anomalous behavior of the density of water as
it transitions to ice and its associated hydrogen bond
(defined as the entire O:H-O) angle-length-stiffness cool-
ing relaxation dynamics continue to baffle the field, de-
spite the intensive investigations carried out in the past
decades [1–16]. Established database [11] shows that
both the liquid and the solid H2O undergoes the seem-
ingly regular process of cooling densification at differ-
ent rates. At the water-ice transition phase, volume
expansion takes place and results in ice with a density
9% lower than the maximal density of water at 277 K
[1, 11]. The cooling densification is associated with a
redshift of the high-frequency H-O phonons ωH (∼3000
cm−1)[17, 18] while the freezing expansion is accompa-
nied with a blueshift of the ωH [19]. However, the un-
derstanding of the fundamental nature underlying the
observed mass-density and phonon-frequency transition
dynamics and their correlation still remains incomplete.
Numerous models have been developed for explaining wa-
ter’s expansion upon freezing or at supercooling state.
The elegant models include the thermal fluctuations in
the mono-phase of tetrahedrally-coordinated structures
[4, 6] and the mixed-phase of low- and high- density frag-
ments with thermal modulation of the fragmental ratios
[9, 20]. Little attention has been paid to the mecha-
nism for the seemingly regular process of cooling den-
sification in both the liquid and the solid phase. The
Raman shift of the low-frequency O:H (ωL ∼ 200 cm
−1)
phonons in various phases has not yet been systemati-
cally characterized. Therefore, there is a great need for
a consistent framework to understand the density and
phonon-frequency transitions and the associated hydro-
gen bond angle-length-stiffness relaxation dynamics of
H2O through its full set of states.
In this letter, we show that we have been able to rec-
oncile the measured mass-density [1, 11] and Raman-
frequency transitions of water/ice based on the frame-
work of O:H-O bond specific-heat disparity, Raman sec-
troscopy measurements, and molecular dynamics (MD)
calculations of the hydrogen bond angle-length-stiffness
relaxationin of water/ice over the full temperature range.
The often overlooked Coulomb repulsion between the
electron pair in the H-O covalent bond and the nonbond-
ing electron lone pair of oxygen [21] and the specific-heat
disparity of the O:H-O bond are shown to be the key to
resolving the density puzzles.
We consider the basic structural unit of Oδ−:Hδ+-
Oδ− [21, 22] (also denoted as “O· · ·H-O”) to represent
the Oδ−-Oδ− interactions in H2O, except for H2O un-
der extremely high pressures and temperatures [23]. The
fraction δ represents the polarity of the Hδ+-Oδ− polar-
covalent bond. In Fig.1a, the pair of dots on the left
2represents the nonbonding lone pair “:” and the pair on
the O atom on the right represents the bonding electron
pair “-”. The H atom serves as the point of reference in
the O:H-O system. The lone pair on the left belongs to
the sp3-orbit hybridized oxygen and the bonding pair is
shared by the H-O and centred at sites close to oxygen.
For completeness, we define the entire hydrogen bond to
be O:H-O, the intra-molecular polar-covalent bond as the
H-O bond and the inter-molecular van der Waals (vdW)
bond as the O:H bond hereon.
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FIG. 1: (a, b) Forces and (c) the respective specific heats
of the two segments in the O:H-O bond. Combined with the
Coulomb repulsion fq between the electron pairs (pairs of dots
in a) and the resistance to deformation frx (x = H for the H-
O and L for the O:H segment), the cooling contraction force
fdx drives the two segments to relax in the same direction
but by different amounts. (c) Because of the difference in
their Debye temperatures (Table I), the specific heat ηL of
O:H rises faster towards the asymptotic maximum value than
the ηH . Such a specific-heat decomposition results in three
regions that correspond, respectively, to the phases of liquid
(I), solid (III), and liquid-solid transition (II) with different
specific-heat ratios. R is the gas constant. (The ηL in the
solid phase differs from the ηL in the liquid, which does not
influence the validity of the hypothesis).
As illustrated in Fig.1a, a hydrogen bond is comprised
of the O:H bond (broken lines) and the H-O bond rather
than either of them alone. The H-O bond is much
shorter, stronger, and stiffer than the O:H bond (com-
parison shown in Table I). The O:H bond breaks at the
evaporating point (Tv) of water (373 K)[17]. However,
the H-O bond is much harder to break as the bond energy
of ≈4.0 eV [1] is twice that of the C-C bond in diamond
(1.84 eV) [24].
Combined with the forces of the Coulomb repulsion,
fq∝(dO−O)
−2, and resistance to deformation, frx(x = H
for the H-O and L for the O:H bond), the force of cooling
contraction, fdx drives these two segments to relax in the
same direction but by different amounts. The kx, which
varies nonlinearly with the dx, approximates the second
derivative of the inter-atomic potential at equilibrium.
The magnitude of the fdx varies with the specific heat of
the specific bond in a particular temperature range. The
Coulomb repulsion between the electron pairs, as repre-
sented by the pairs of dots in Fig.1a, is the key to the
O:H-O bond relaxation under excitation [1, 21].
Generally, the specific heat is regarded as a macro-
scopic quantity integrated over all bonds, and is the
amount of energy required to raise the temperature of
the substance by 1 K. However, in dealing with the rep-
resentative bond of the entire specimen, one has to con-
sider the specific heat per bond that is obtained by divid-
ing the bulk specific heat by the total number of bonds
involved. In the case of the O:H-O bond, we need to
consider the specific heat (ηx) characteristics of the two
segments separately (see Fig.1b) because of the difference
in their strengths. The slope of the specific-heat curve is
determined by the Debye temperature (ΘDx) while the
integration of the specific-heat curve from 0 K to the Tmx
[27] is determined by the cohesive energy of the bond en-
ergy Ex. The specific-heat curve of the segment with
a relatively lower ΘDx value will rise to the maximum
value faster than the other segment. The ΘDx, which is
lower than the Tmx, is proportional to the characteristic
frequency of the vibration (ωx) of the segment. Thus, we
have the following relations (see Table I):


ΘDL
ΘDH
≈ 198
ΘDH
≈ ωLωH ≈
200
3000
≈ 1
15(∫ TmH
0
ηHdt
)
(∫ TmL
0
ηLdt
) ≈ EHEL ≈
4.0
0.1 ≈ 40
(1)
Based on this consideration, the maximal specific-heat
ratio is estimated to be ηHηL ≈8. Such a specific-heat dis-
parity between the O:H and the H-O segments creates
three temperature regions with different ηLηH ratios, which
should correspond to the phases of liquid (I), solid (III),
and liquid-solid transition (II).
The consistency in the number of regions (i.e. phases
I, II, III) of the proposed specific-heat curve (Fig.1b),
the mass-density transition [11], and the O:H-O bond
angle-length-stiffness relaxation dynamics (Fig. 2 and
Fig. 3) suggest that the segment with a relatively lower
specific heat is thermally more active than the other seg-
ment. This thermally active segment serves as the “mas-
ter” that undergoes cooling contraction while forcing the
3TABLE I: Summary of the segmental length dx, strength Ex (energy)[1], Debye temperature ΘDx [25, 26], stiffness ωx (vibration
frequency), melting point Tmx, and the inter-atomic and inter-electron-pair interactions of the O:H-O bond compared with
those of the C-C bond in a diamond [24].
Segment (x) dx (nm) Ex (eV) ωx (cm
−1) ΘDx (K) Tmx (K) Interaction
H-O ∼0.10 ∼4.00 >3000 >3000 - Exchange
O:H ∼0.20 ∼0.05-0.10 ∼200 198 373 vdW
O–O - - - - - Repulsion
C-C 0.15 1.84 1331 2230 3800 Exchange
other “slave” segment to elongate through Coulomb re-
pulsion. Therefore, as can be derived from Fig.1b, the
specific-heat ratio, the master segment, and the O–O
length change in each temperature region are correlated
as follows (see [1] for details):
II
I, III
Transition
(ηH < ηL) :
(ηL < ηH) :
(ηH = ηL) :
fdH > (fdL + frL + frH)
fdL > (fdH + frL + frH)
fdH = fdL

⇒ ∆dO−O ⇒ (∆V )1/3


<
>
=

 0 (2)
Because of the strength difference of the two segments
[21], the length of the softer O:H bond always relaxes
more than that of the stiffer H-O bond: |∆dL|>|∆dH |.
The two segments relax in the same direction because of
the repulsion. Thus, we expect the O:H-O bond to relax
in the following manners during cooling:
i) In the transition phase II, ηH<ηL and fdH≫fdL. The
H-O bond contraction dominates. The stiffer H-O bond
contracts less than the O:H bond elongates, resulting in
∆dO−O=∆dL − ∆dH>0. Therefore, a net O–O length
gain and an accompanying volume expansion (∆V > 0)
takes place.
ii) In the liquid I and the solid III phase, ηL<ηH and
fdL≫fdH . The master and the slave swap roles. The
softer O:H bond contracts significantly more than the H-
O bond elongates, ∆dO−O=∆dH−∆dL<0. Hence, a net
O–O contraction results in a gain in the mass density.
iii) At the crossing points (Fig.1b), ηH=ηL and fdH=fdL.
There is a transition between O–O expansion and con-
traction, corresponding to the density maximum at 277
K and the density minimum below the freezing point
[11, 12].
iv) Meanwhile, the repulsion increases the O:H-O angle
θ and polarizes the electron pairs during relaxation.
It has been shown that a segment increases in stiff-
ness as it becomes shorter, while the opposite occurs as
it elongates [21, 29]. The Raman shift, which is propor-
tional to the square root of bond stiffness, approximates
the length and strength change of the bond during relax-
ation directly. Approximating the vibration energy of a
vibration system to the Taylor series of the inter-atomic
potential energy, ux(r), leads to:
∆ωx ∝
(
∂2ux(r)
µ∂r2
∣∣∣∣
r=dx
)1/2
∝
√
Ex/µ
dx
∝
√
Yxdx (3)
The stiffness is the product of the Young’s modulus
(Yx∝Ex/d
3
x) and the length of the segment in question
[21]. The µ is the reduced mass of the vibrating dimer.
Therefore, the Raman shift is a measure of the segmental
stiffness.
In order to verify our hypotheses and predictions re-
garding the O:H-O bond angle-length-stiffness change,
the specific-heat disparity, and the density and phonon-
frequency anomalies of water/ice, we have conducted Ra-
man measurements and MD calculations as a function
of temperature. Two MD computational methods were
used in examining the mono- and the mixed-phase mod-
els. Details of the experimental and calculation proce-
dures are described in the supplementary information [1].
Fig.2 shows the MD-derived change of (a) the H-O
bond and the O:H bond length, (b) the O:H-O bond an-
gle θ, (c) the snapshots of the MD trajectory, and (d) the
O–O distance as a function of temperature. As shown in
Fig.2a, the shortening of the master segments (denoted
with arrows) is always coupled with a lengthening of the
slaves during cooling. The temperature range of inter-
est consists of three regions: in the liquid region I and
the solid region III, the O:H bond contracts significantly
more than the H-O bond elongates, resulting in a net loss
of the O–O length. Thus, cooling-driven densification
of H2O happens in both the liquid and the solid phase.
This mechanism differs completely from the mechanism
conventionally adopted for the standard cooling densifi-
cation of other regular materials in which only one kind
of chemical bond is involved. In other materials, cooling
shortens and stiffens all the inter-atomic bonds [28]. In
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FIG. 2: (a) Segmental length change of the O:H-O bond in
the phases of liquid (I), solid (III), and liquid-solid transition
(II). Arrows denote the cooling contraction of the master seg-
ments, which are coupled with the expansion of the slaves.
∆T = T - Tmax with Tmax = 277 K is the maximal den-
sity temperature. (b) O:H-O bond angle widening driven by
cooling also exhibits three regions. (c) Snapshots of the MD
trajectory show that the V-shaped H-O-H molecues remain
intact at 300 K because of the robustness of the H-O bond
(∼4.0 eV/bond) with pronounced quantum fluctuations in the
angle and in the dL in liquid phase. (d) The change of the O–
O distance agrees with the measured three-region water and
ice densities [1, 11]. In ice, the O–O distance is longer than
that in water, which results in ice floating.
contrast, in the transition phase II [11, 13, 14], the mas-
ter and the slave swap roles. The O:H bond elongates
more than the H-O bond shortens so that a net gain in
the O–O length occurs.
The θ angle widening (Fig.2b) could also contribute to
the volume change. In the liquid phase I, the mean θ
valued at 160◦ remains almost constant. However, the
snapshots of the MD trajectory in Fig.2c and the MD
movie in the attached [30] show that the V-shaped H-O-
H molecules remain intact at 300 K over the entire dura-
tion recorded, accompanied by high fluctuations in the θ
and the dL in this regime, which indicates the dominance
of tetrahedrally-coordinated water molecules [31]. In re-
gion II, cooling widens the θ from 160◦ to 167◦, which
contributes a maximum of +1.75% to the O:H-O bond
elongation and 5.25% to volume expansion. In phase III,
the θ increases from 167◦ to 174◦ and this trend results
in a maximal value of -2.76% to the volume contraction.
The calculated temperature dependence of the O–O
distance as shown in Fig.2d matches satisfactorily with
that of the measured density profile [1, 11]. Importantly,
the O–O distance is longer in ice than it is in water, and
therefore, ice floats.
The measured Raman spectra in Fig.3 show three re-
gions: T>273 K (I), 273 ≥ T ≥ 258 K (II), and T<258 K
(III), which are in agreement with the MD calculations
[1] and our predictions:
i) At T>273 K (I), abrupt shifts of the ωL from 75 to
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FIG. 3: Temperature dependent Raman shifts of (a) ωL (the
O:H phonon) and (b) ωH show three regions: T> 273 K (I),
273 K<T<258 K, and T<258 K (III) .
220 cm−1 and the ωH from 3200 to 3150 cm
−1 indicate
ice formation. The coupled ωL blueshift and ωH redshift
indicate that cooling shortens and stiffens the O:H bond
but lengthens and softens the H-O bond in the liquid
phase, which confirms the predicted master role of the
O:H bond.
ii) At T<258 K (III), the trend of phonon relaxation
remains the same as it is in the region of T > 273 K
despite a change in the relaxation rates. Cooling from
258 K stiffens the ωL from 215 to 230 cm
−1 and softens
the ωH from 3170 to 3100 cm
−1. Other supplementary
peaks at ∼300 and ∼3400 cm−1 are found to be insignif-
icant. The cooling softening of the ωH mode agrees with
that measured using IR spectroscopy [33] of ice clusters
of 8∼150 nm sizes. When the temperature drops from
209 to 30 K the ωH shift from 3253 to 3218 cm
−1. For
clusters of 5 nm size or smaller, the ωH shifts by an ad-
dition of 40 cm−1.
iii) At 273∼258 K (II), the situation reverses. Cooling
shifts the ωH from 3150 to 3170 cm
−1 and the ωL from
220 to 215 cm−1, see the shaded areas. Agreeing with
the Raman ωH shift measured in the temperature range
between 270 and 273 K [1, 19], the coupling of the ωH
blueshift and the ωL redshift confirms the exchange in
the master and the slave role of the O:H and the H-O
bond during freezing.
The MD-movie [30] shows that in the liquid phase,
the Hδ+ and the Oδ− attract each other between the
Hδ+:Oδ− but the Oδ−-Oδ− repulsion prevents this oc-
currence. The intact O-H-O motifs are moving restlessly
because of the high fluctuations and frequent switching
of the Hδ+:Oδ− interactions. Furthermore, the coupled
cooling ωL blueshift and ωH redshift provide further ev-
idence for the persistence of the Coulomb repulsion be-
tween the bonding and the nonbonding electron pairs in
liquid. The presence of the electron lone pair results from
5the sp3-orbit hybridization of oxygen that tends to form
tetrahedral bonds with its neighbors [1, 31]. Therefore,
the H2O in the bulk form of liquid could possesses the
tetrahedrally-coordinated structures with thermal fluctu-
ation [6, 31, 32]. Snapshots of the MD trajectory in [1]
revealed little discrepancy between the mono- and the
mixed-phase structural models.
The proposed mechanisms for: i) the seemingly reg-
ular processes of cooling densification of the liquid and
the solid H2O, ii) the abnormal freezing expansion, iii)
the floating of ice, and, iv) the three-region O:H-O bond
angle-length-stiffness relaxation dynamics of water and
ice have been justified. Agreement between our calcula-
tions and the measured mass-density [11] and phonon-
frequency relaxation dynamics in the temperature range
of interest has verified our hypotheses and predictions:
i) Inter-electron-pair Coulomb repulsion and the segmen-
tal specific-heat disparity of the O:H-O bond determine
the change in its angle, length and stiffness and the den-
sity and the phonon-frequency anomalies of water ice.
ii) The segment with a relatively lower specific-heat con-
tracts and drives the O:H-O bond cooling relaxation. The
softer O:H bond always relaxes more in length than the
stiffer H-O bond does in the same direction. The cooling
widening of the O:H-O angle contributes positively to the
volume expansion at freezing.
iii) In the liquid and the solid phase, the O:H bond con-
tracts more than the H-O bond elongates, resulting in
the cooling densification of water and ice, which is com-
pletely different from the process experienced by other
regular materials.
iv) In the freezing transition phase, the H-O bond con-
tracts less than the O:H bond lengthens, resulting in ex-
pansion during freezing.
v) The O–O distance is larger in ice than it is in water,
and therefore, ice floats.
vi) The segment increases in stiffness as it shortens, while
the opposite occurs as it elongates. The density variation
of water ice is correlated to the incoporative O:H and H-
O phonon-frequency relaxaion dynamics.
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